Neurosurg Focus 38 (2):E11, 2015 C ushing's syndrome (CS) is classically described as the signs and symptoms associated with prolonged exposure to pathologically elevated cortisol levels. Physical manifestations of CS include weight gain (central obesity), upper shoulder fat pads ("buffalo hump"), a rounded face, purple striae, proximal weakness, and hirsutism.
immune suppression, impotence in men, and infertility in women. 52 Therefore, it is important to adequately and successfully treat the underlying cause of elevated cortisol to prevent long-term morbidity.
The most common cause of CS is the exogenous use of corticosteroids (iatrogenic), but the most common endogenous cause of CS is the presence of an adrenocorticotropic hormone (ACTH)-secreting pituitary adenoma, also known as Cushing's disease (CD). 17 Cushing's disease represents the disease etiology in more than 70% of all patients with an organic cause of CS. 17 The current first-line therapy in the treatment of CD is surgery via a transsphenoidal approach to pituitary tumor resection. The immediate cure rates associated with neurosurgical resection of ACTH-secreting pituitary adenomas are promising, ranging from 65% to 90%. 26 However, recurrence rates remain relatively high at 20% to 25% on long-term follow-up. 43, 50 The mainstay management of recurrent CD usually consists of reoperation for pituitary tumor resection when possible, stereotactic radiation therapy, and, uncommonly, bilateral adrenalectomy. 2, 10 However, not all patients are candidates for surgery, and there are drawbacks associated with each modality of treatment. Therefore, there is a clear need for supplemental medical therapies in the treatment of CD. 24 Medical therapies are used not only in the setting of recurrent disease, but also preoperatively in the setting of hypercortisolemic or severely symptomatic patients. 52 Medical therapies for CD are classified according to their site of action: at the pituitary gland by inhibiting ACTH secretion (upstream), at the adrenal gland by inhibiting steroidogenesis (midstream), or at the target tissue by blocking the glucocorticoid receptor (downstream; Fig. 1 ). 27 There is a lack of a consensus regarding the ideal medical treatment of CD, and published studies on the topic include small cohort sizes. 13 In this article, we review the clinical efficacy of various agents used to treat hypercortisolism in CD and highlight translational insights gained from the molecular biology associated with CD that could guide the development of therapies in the future.
methods
First, a search of medical therapies for CD was performed; this was conducted by searching the terms "medical treatment and Cushing's disease" to identify all articles published in PubMed up to 2014. Based on this search, articles were reviewed for agents that were used as a treatment for CD. The criterion used in the identification of which agent would undergo a systematic search was the presence of at least 1 study evaluating its utility for the treatment for CD. After identifying individual treatment agents for CD, each agent underwent a formal systematic search. The phrase "(name of agent) and Cushing's" was used as a search term in PubMed for all years up to 2014 to identify all articles that included this phrase in the title and/or abstract. The references of systematic reviews were also reviewed for additional sources. The abstracts of each article were reviewed for studies that evaluated the efficacy of the agent for the treatment of CD. Only studies of at least 20 patients were included in this review. The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines for systematic reviews were followed. 36 The number of articles found, screened, and included for each agent were as follows: cabergoline (60 found, 14 screened, and 2 included), pasireotide (90 found, 26 screened, and 3 included), ketoconazole (233 found, 47 screened, 2 included), metyrapone (420 found, 38 screened, 1 included), mitotane (200 found, 9 screened, and 2 included), and mifepristone (98 found, 18 screened, and 1 included). Therefore, a total of 11 articles on 6 individual therapies for CD were included in the final review.
results current medical therapies for cd
Pituitary-Directed Therapy: Inhibition of ACTH Synthesis and Secretion
Cabergoline. Cabergoline is a potent, long-acting dopamine 2 (D2) receptor agonist, frequently used in the treatment of prolactinomas (Fig. 1) . 37 Identification of dopamine (D2) receptors in corticotroph tumors led to clinical trials of cabergoline in patients with CD (Table  1) . In a retrospective study of 30 patients with CD, Godbout et al. reported normalization of urinary free cortisol (UFC) in 11 patients (36.6%) with a median follow-up of 37 months. 25 Patients were initiated at a dosage of 0.5 to 1.0 mg/week that was titrated up to 6.0 mg/week. Similarly, in a prospective trial of 20 patients with CD treated with comparable doses of cabergoline, Pivonello et al. reported normalization of UFC in 50% of patients. 45 No major adverse events were reported. These studies suggest that cabergoline is a safe treatment for patients with CD who fail first-line treatment, albeit with efficacy rates less than other agents used to treat CD.
Pasireotide. A large proportion of pituitary tumors in CD express multiple somatostatin receptor subtypes, and in vitro studies have shown that activation of these somatostatin receptors, specifically SST5, leads to inhibition of ACTH secretion. 8, 28 Targeting of these receptors with somatostatin analogs such as octreotide has been ineffective for the treatment of CD. 4 Pasireotide is a unique somatostatin analog because this agent is able to interact with 4 of 5 subtypes of somatostatin receptors and has particularly high affinity for the SST5 receptor (i.e., 40-fold higher than other agents; Fig. 1 12 the incidence of treatment-related adverse events was high; specifically, 73% of patients had hyperglycemia events. The patients from the same trial were then assessed by Pivonello et al. for clinical response and symptomatic relief associated with reduction in UFC at 12 months of follow-up. 46 It was shown that the reduction in UFC resulted in significant improvements in signs and symptoms of CD at 12 months. Following treatment with pasireotide, patients had a significant reduction in blood pressure and low-density lipoprotein levels; in addition, patients had lower body mass indices, weight, and waist circumferences. On the basis of these results, the FDA granted pasireotide approval for the treatment of CD in December 2012, although the statement of FDA approval acknowledged that surgery remained the front-line treatment and the drug would be of particular utility in patients not eligible for surgery or patients with recurrence. 40 Adrenal Target Therapy: Inhibitor of Steroidogenesis.
Ketoconazole. Ketoconazole, a widely used antifungal agent, is an imidazole derivative that inhibits cytochrome P450 enzymes involved with steroidogenesis, including 17,20-lysase, 11b-hydroxylase, and 17a-hydroxylase and side-chain cleavage (Fig. 1) . 34 It is one of the oldest medical treatments for CD, with studies from the 1980s establishing efficacy of the agent for CD. 5 In addition, there is a growing literature base that shows ketoconazole may benefit CD by extra-adrenal actions through antagonist activity against glucocorticoid receptors at high concentrations via direct binding. 34, 42 The 2 studies of ketoconazole in CD treatment that met the inclusion criteria for this review were small retrospective reviews. Moncet et al. and Castinetti et al. both reviewed their experience of utilizing ketoconazole for the treatment of CD in 54 and 38 patients, respectively (Table 2) . 16, 38 The outcomes of the Moncet et al. study were promising, with 85% of patients obtaining either normal or subnormal UFC; 38 in addition, all patients improved clinically. Castinetti et al. demonstrated less successful outcomes with only 45% of patients achieving normalized UFC; only patients with measurable reductions in UFC demonstrated improvements in signs and symptoms of CD. 16 The most common adverse events associated with ketoconazole use were hepatotoxicity, adrenal insufficiency, and gastrointestinal distress. These side effects are reported to occur in at least 15% of patients and have limited the utility of ketoconazole to date. 20 Interestingly, in the same study by Castinetti et al., ketoconazole allowed identification of a pituitary adenoma in 33% of patients who had adenomas that were not visible on MRI prior to treatment. 16 This unique property of ketoconazole may have significant implications in the surgical management of patients with MRI-negative CD; administration of ketoconazole may facilitate the identification of adenomas that were initially MRI-negative and guide future resection.
Metyrapone. One of the main steroidogenesis enzymes is 11b-hydroxylase, and its role is to facilitate the conversion of 11-deoxycortisol to cortisol. Therefore, inhibition of this rate-limiting enzyme effectively prevents cortisol synthesis and availability. Metyrapone is a synthetic agent that inhibits 11b-hydroxylase activity and was originally developed for the diagnosis of adrenal insufficiency (Fig.  1) . 6 In patients with an intact hypothalamic-pituitaryadrenal axis, inhibition of 11b-hydroxylase leads to decreased cortisol, increased ACTH, and an accumulation of 11-deoxycortisol (cortisol precursor). There is only 1 study evaluating the efficacy of metyrapone in CD ( Table  2) . Verhelst et al. performed a retrospective, single-center review on the use of metyrapone for the treatment of CS (Table 2) . 54 Among the 91 patients with CS reviewed, 57 patients had CD. These authors demonstrated that within 2 hours of administration of metyrapone all patients showed a decrease in serum cortisol and expected increases in 11-deoxycortisol and ACTH. The most common adverse event was transient hypoadrenalism. Unfortunately due to the nature of the study, the data and outcomes provided did not indicate whether metyrapone was beneficial on a long-term basis for CD. Further studies will be needed to determine whether metyrapone is able to maintain its durability and improve clinical signs and symptoms associated with CD.
Mitotane. Mitotane is an antineoplastic medication approved for the treatment of metastatic adrenal carcinoma by causing controlled destruction of adrenal tissue via apoptosis. 32 This agent also alters steroid metabolism and directly suppresses the adrenal cortex, leading to hypocortisolism (Fig. 1) . 32 Mitotane, in conjunction with irradiation, was first used in patients with CD in the 1970s and was able to provide remission for some patients. 55 In a subsequent prospective trial of 36 patients, Schteingart et al. reported clinical and biochemical remission in 29 (81%) of 36 patients with CD treated with a mean daily dose of 4.0 g/day (Table 2) . 49 Plasma mitotane concentrations greater than 8.5 mg/L were associated with normal UFC at all time points. More recently, Baudry et al. reported remission in 72% of patients when treated with long-term mitotane at a mean dose of 2.6 g/day.
9 Median follow-up was 97 months. However, after treatment discontinuation a majority of patients experienced a recurrence of hypercortisolism; only 29% did not experience a recurrence. Similar to the study of Schteingart et al., Baudry et al. also found that hormonal control was closely associated with mitotane plasma concentration. In both studies there was a high rate of treatment intolerance and withdrawal.
Tissue-Directed Therapy: Inhibition of Cortisol Receptors.
Mifepristone. Mifepristone is a progesterone receptor antagonist with glucocorticoid receptor antagonist activity at high concentrations (Fig. 1 ). Mifepristone has a 3 times greater binding affinity for glucocorticoid receptors than dexamethasone. 15 In the Study of the Efficacy and Safety of Mifepristone in the Treatment of Endogenous Cushing's Syndrome (SEISMIC)-a 24-week multicenter, Phase III open-label trial after failed multimodality therapy at 14 US medical centers-a majority of patients experienced improvements in metabolic/hormonal and clinical status (Table 3) . 22 Fifty patients with CS (43 with CD) and impaired glucose intolerance or hypertension were treated with 300-1200 mg daily of mifepristone. Of the 50 patients, 87% experienced a significant improvement in clinical signs and symptoms. Mean glycated hemoglobin (HbA1c) decreased from 7.4% to 6.3% and fasting plasma glucose decreased from 149 mg/dl to 105 mg/dl. An improvement in diastolic blood pressure was noted in 38% of patients. A weight change of more than 5% was observed and there was a significant decrease in waist circumference (women -6.8 cm and men -8.4 cm). While 88% were reported to have an adverse event, most were minor and there were few serious adverse side effects. On the basis of this study, mifepristone was awarded FDA approval for treating hyperglycemia associated with CD because, while there were several benefits of mifepristone treatment of CD patients, hyperglycemia was the aspect of CD that responded best to mifespristone. 11, 19, 30 Genetic aberrations for each of these syndromes have been identified: MAS (mutation in guanine nucleotide-binding protein), MEN1 (mutation in menin), CNC (mutation in a subunit of protein kinase A), MEN4 (mutation in cyclin-dependent kinase [CDK] inhibitor 1B), and PAP (mutation in aryl hydrocarbon receptor interacting protein). 19 In the case of sporadic CD, there remains a lack of a clear understanding underlying the initiating and propagating molecular events that lead to the development of ACTH-secreting pituitary adenomas. 35 The abnormal cell signaling pathways frequently encountered in pituitary adenomas are also observed in the tumorigenesis of various other tumor types. Most notably, often there are alterations in the serine-threonine kinases involved in the Ras-Raf-MAPK cascades and the PI3K-AKT-mTOR pathways. 1, 29 Particularly for ACTH-secreting pituitary adenomas, epidermal growth factor receptor (EGFR) and its downstream activation of Ras-Raf-MAPK has been shown to be intricately involved in the secretion of pro-opiomelanocortin (POMC), the precursor to ACTH. 22 POMC expression and ACTH secretion is enhanced when EGFR is activated. A laboratory study demonstrated that inhibition of the EGFR with gefitinib attenuated POMC expression, decreased ACTH secretion, inhibited tumor cell proliferation, and induced apoptosis in ACTH-secreting pituitary adenomas. 22 Given the frequent use of EGFR inhibitors in cancer treatment, further study of them in treating CD may be warranted.
More recently, retinoic acid has been reported to suppress ACTH secretion in CD. 7, 31, 44 The mechanism underlying this clinical observation remains unclear and there have been contradictory results in the literature. In 2001, it was shown that retinoic acid decreases POMC transcription and ACTH secretion through activation of orphan receptors Nur77 and Nurr1. 41 In addition, retinoic acid inhibited cell proliferation, increased caspase-3 activity, and induced cell death in ACTH-secreting adenoma cells. In a separate laboratory study by Uruno et al., the role of the retinoic acid receptor was examined in greater detail. 53 Surprisingly, the authors found that the retinoic acid receptor interacts closely with NeuroD1 and Tpit expression and resulted in increased POMC mRNA expression, ACTH secretion, and POMC promoter activity. These findings are contradictory to those in earlier studies. Additional molecular and preclinical translation studies of retinoic acid for the treatment of CD are needed to further clarify its role as a potential therapeutic agent.
Molecular and genetic comparisons of silent pituitary corticotroph adenomas and ACTH-secreting pituitary adenomas have revealed that ACTH-secreting adenomas harbor upregulation of key cell cycle regulators, specifically CDK N2A. 51 Zebrafish and murine models of pituitary corticotroph tumors have expanded the knowledge of CDK's role in ACTH-secreting pituitary adenomas. The inhibition of CDK pharmacologically has been shown to result in the suppression of ACTH and corticosterone levels. 33 In addition, there is evidence that certain CDKs such as roscovitine, a CDK2/cyclin E inhibitor, result in inhibition of tumor growth and tumor cell senescence. 33 Further translational studies are needed to assess its clinical efficacy.
discussion
Cushing's disease is the most common cause of CS and can lead to significant mental and physically morbidity.
52
The first-line treatment of CD is resection of the ACTHsecreting pituitary adenoma with the goal of normalized cortisol levels. 2 However, in patients who are not surgical candidates, develop recurrent disease, or have acute signs and symptoms of hypercortisolism, medical therapy may be the fundamental treatment modality. Currently, there are very few medical agents available for the treatment of CD. 24 In general, agents targeting ACTH-secreting tumors and steroidogenesis have been reported to be quite effective in reducing UFC to normal levels. Significant reductions in UFC were observed in 45% to 100% of patients among available studies, and a majority of patients achieved clinical improvement. 9, 12, 16, 18, 25, 38, 45, 46, 49, 54 Similarly, blocking glucocorticoid receptors is effective in preventing the clinical signs and symptoms of CS. 22 However, caution regarding these results need to be taken because there are very few studies available and many of the studies consisted of retrospective reviews with small patient cohorts.
Pasireotide and mifepristone are the only agents to have undergone Phase III clinical trials in the treatment of CD, and as a result of these trials became the only agents to have garnered FDA approval for the treatment of particular patients with CD. 18 However, there are drawbacks associated with each agent. Pasireotide has an extremely high incidence (87%) of side effects and mifepristone's approval was only for treating CD cases with severe hyper- glycemia. There is a clear need to identify novel medical therapies for CD with a favorable safety profile, broad efficacy for all manifestations of CD, and an efficacy more comparable to resection, the way dopamine agonists are for prolactinomas. It will be important for future trials to not only monitor for hormonal responses but to also monitor pituitary tumor size response as well. CD is unique to other forms of CS because of the presence of a mass lesion within the small boundary of the sella. While most CD-causing pituitary adenomas are microadenomas with no threat of mass effect, the efficacy of surgery for microadenomas means that CD-causing macroadenomas are often overrepresented in patients undergoing medical treatment. If these tumors grow during medical treatment the way growth hormonesecreting tumors grow in patients with acromegaly while being treated with pegvisomant, they can result in mass effect, producing hypopituitarism, cranial nerve palsies, and visual field deficits. 39 One approach to preventing and perhaps reducing tumor burden could be combining upstream inhibitors with mid-or downstream inhibitors. For example, a case report by Ahmed et al. described a patient that experienced complete resolution and disappearance of an ACTH-secreting macroadenoma after undergoing combined ketoconazole and cabergoline medical therapy for 4 months. 3 Future studies of medical therapies should be cognizant of tumor burden because agents that eliminate tumor burden will likely be the only ones from which patients may eventually be weaned, which can occur in some patients with small prolactinomas treated using dopamine agonists.
There is evidence that medical therapies that act at the level of the adrenal gland to inhibit steroidogenesis may result in pituitary tumor growth. 16 It is hypothesized that tumor growth is the result of a lack of negative feedback that leads to increased ACTH synthesis and tumor growth. 2 While this tumor growth can create a risk for symptomatic mass effect, neurosurgeons may be able to use this phenomenon to their advantage. In the study by Castinnetti et al., there was a suggestion that treatment with ketoconazole led to visualization of pituitary adenomas that were not visible prior to treatment. 16 After these pituitary adenomas were radiologically detectable, the patients underwent transsphenoidal resection of the tumor and were cured of their disease. Therefore, in patients with a negative dynamic pituitary MR image who have biochemical evidence of CD, while surgical exploration guided by inferior petrosal sinus sampling may be an appropriate initial treatment, one advantage of using ketoconazole as a subsequent treatment is its potential to facilitate identification of the ACTH-secreting pituitary adenoma that could lead to resection for cure. 47 Ketoconazole may be an option in the management of MRI-negative CD. It is likely that this effect only occurs with inhibitors of steroid biogenesis such as ketoconazole, rather than upstream CD treatments such as pasireotide. The use of ketoconazole as an agent to facilitate identification of ACTH-secreting adenomas has not been directly studied and its efficacy stems only from observations in previous studies of CD. There continues to be a need for future studies to evaluate ketoconazole's utility for the identification of ACTH-secreting adenomas.
As our understanding of the pathogenesis and tumorigenesis of ACTH-secreting pituitary adenoma expands, there will be ongoing development of molecularly targeted therapies for CD. There is already a growing body of literature on targeting EGFR, retinoic acid receptors, and CDK with specific inhibitors for CD.
23, 31, 44 Future studies evaluating the clinical efficacy of targeting these and other pathways are needed for the treatment of CD.
There are a few limitations to this review. The medical management of CD has been described for decades and multiple agents have been used in the treatment of CD. However, most articles involve small cohorts and case reports. Therefore, the systematic search performed in this review and the use of the study size criterion of at least 20 patients resulted in the exclusion of several agents that have been used in the medical management of CD, such as temozolomide. Current studies also suffer from lack of consistent outcome endpoints. Nonetheless, findings from available studies are still able to help guide the medical management of patients with CD.
conclusions
There remains a paucity of safe and effective medical therapies for CD, and there is a need for additional clinical trials assessing their efficacies. According to the studies available, medical therapies targeting the pituitary (ACTH secretion), adrenal (steroidogenesis), and end tissue (cortisol receptors) are all relatively effective. In addition, there are examples of ketoconazole facilitating radiological identification of CD-causing adenomas on MRI to facilitate their resection. Unfortunately, these available therapies are associated with high rates of side effects and do not reduce tumor size. Recently there has been an accumulation of data and knowledge regarding the molecular biology and tumorigenesis of ACTH-secreting tumors in CD. With this new understanding, future development of medical therapies will hopefully include therapies that induce biochemical remission with minimal side effects, while also eliminating the pituitary tumor in a manner that allows for the eventual weaning of therapy.
